The Neurofibromatosis-2 (NF2) tumor suppressor merlin negatively regulates cell proliferation in numerous cell types. We have previously shown that the NF2 protein (merlin/schwannomin) associates with mixed lineage kinase 3 (MLK3), a mitogen-activated protein kinase (MAPK) kinase kinase that is required for the proliferation of normal and neoplastic cells. In this study, we show that merlin inhibits MLK3 activity, as well as the activation of its downstream effectors, B-Raf, extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK). The ability of merlin to regulate MLK3 activity requires a direct association between MLK3 and residues in the C-terminal region of merlin. Merlin integrates Rho GTPase family signaling with MAPK activity by inhibiting the binding between MLK3 and its upstream activator, Cdc42. Furthermore, we demonstrate that MLK3 is required for merlin-mediated suppression of cell proliferation and invasion. Collectively, these results establish merlin as a potent inhibitor of MLK3, ERK and JNK activation in cancer, and provide a mechanistic link between deregulated MAPK and Rho GTPase signaling in NF2 growth control.
Introduction
Mitogen-activated protein kinase (MAPK) signaling regulates diverse cellular processes, including proliferation, survival, inflammation and metabolism in normal cells; and deregulated MAPK activity is a hallmark of numerous human cancers (Kyriakis and Avruch, 2001; Gollob et al., 2006) . One key regulator of MAPK activity in response to mitogenic stimuli is mixed lineage kinase 3 (MLK3), a serine/threonine MAPK kinase kinase (MAP3K) (Gallo and Johnson, 2002; Chadee and Kyriakis, 2004a) . MLK3 is required for mitogen activation of B-Raf, extracellular signal-regulated kinase (ERK)/MAPK and c-Jun N-terminal kinase (JNK) signaling; and for MAPK-dependent cell proliferation in both normal cells and neoplastic cells (Chadee and Kyriakis, 2004b) . Stable expression of wild-type (WT) MLK3 transforms NIH3T3 cells in a MEK-dependent manner (Hartkamp et al., 1999) . In addition, mutations in the kinase domain of MLK3 have recently been identified in gastrointestinal tumors, and are transforming in vitro (Velho et al., 2010) .
MLK3 kinase activity is negatively regulated by autoinhibition through an interaction between the N-terminal SH3 domain and proline residue 495, and positively regulated by the Rho GTPases, Rac and Cdc42 (Teramoto et al., 1996; Vacratsis and Gallo, 2000; Gallo and Johnson, 2002; Du et al., 2005) . It has been proposed that active Cdc42 binds to the Cdc42/ Rac interactive binding domain of MLK3, which leads to MLK3 localization to the plasma membrane and relief of SH3-mediated autoinhibition (Zhang and Gallo, 2001; Du et al., 2005) . Autophosphorylation of Thr277 and Ser281 residues within the activation loop of the kinase domain leads to full activation of MLK3 kinase activity (Leung and Lassam, 2001) .
Merlin, the product of the Neurofibromatosis-2 (NF2) gene, is a tumor suppressor protein that functions as a negative regulator of cell proliferation and motility (Lutchman and Rouleau, 1995; McClatchey et al., 1997; Sherman et al., 1997; Ikeda et al., 1999; Fraenzer et al., 2003; Xiao et al., 2005) . Merlin belongs to the family of ezrin, radixin, moesin proteins, which link integral membrane proteins to the actin cytoskeleton (Sun et al., 2002; Ramesh, 2004) . Loss-of-function NF2 mutations result in increased cell proliferation and motility in numerous distinct cell types, and culminate in the development of brain tumors (meningiomas) and peripheral nerve tumors (schwannomas) (Reed and Gutmann, 2001) .
Since the identification of the NF2 gene in 1993, many investigators have examined the physiological targets of merlin that are important for its ability to suppress cell growth and motility (Obremski et al., 1998; Goutebroze et al., 2000; Scoles et al., 2000; Jannatipour et al., 2001; Fernandez-Valle et al., 2002) . Of the many implicated targets, merlin has been shown to suppress anchorageindependent growth by modulating Rac activity (Shaw et al., 2001; Kissil et al., 2003) . However, other reports have shown that merlin growth control involves MAPK signaling (Chadee et al., 2006; Morrison et al., 2007) . The relationship between MAPK signaling, Rho GTPase function and merlin growth suppression is not clear.
We previously reported that merlin associates with MLK3 and inhibits the interaction between MLK3 and B-Raf (Chadee et al., 2006) . However, the mechanism by which merlin regulates MLK3 activity has not been defined. Here, we demonstrate that merlin inhibits MLK3 kinase activity through a direct association between MLK3 and the C-terminal region of merlin. This association impairs MLK3 activation by blocking the interaction between the Rho GTPase Cdc42, and MLK3. In addition, we show that merlin knockdown increases endogenous MLK3, B-Raf, ERK and JNK activities, whereas merlin overexpression reduces MLK3, B-Raf, ERK and JNK activities. Furthermore, the increased cell proliferation and invasion, resulting from merlin loss, is ameliorated by MLK3 knockdown. These results establish a requirement for MLK3 in merlin-mediated suppression of B-Raf, ERK and JNK signaling and cell proliferation, and provide a causative mechanistic link between deregulated MAPK and Rho GTPase signaling in NF2 growth control.
Results

Merlin expression and MLK3 activation are inversely correlated in human tumor cell lines
To explore the regulation of MLK3 by merlin in human cancers, we analyzed the levels of merlin and MLK3 protein expression in different tumor-derived cell lines. In all tumor cells analyzed, MLK3 protein levels were similar; however, merlin levels varied (Figures 1a and b) . Merlin was detected in NCIH460 lung cancer, HT29 colon cancer and MCF7 breast cancer, but was low or undetectable in HEI193 NF2 schwannoma cells (expressing a loss-of-function splice variant of merlin isoform 3) and SKOV3 ovarian cancer cells. In addition, using an activation state, phospho-specific MLK3 antibody (Thr277/Ser281; phosphorylated-MLK3 (p-MLK3)), high basal levels of p-MLK3 were observed in NCIH460, HEI193 and SKOV3 cells. Interestingly, with the exception of NCIH460 cells, tumor cells with high levels of basal p-MLK3 consistently had low or undetectable levels of merlin (Figures 1a and b ). Merlin immunoblots have two distinct bands. The slower migrating form of merlin is phosphorylated on Ser518 and is inactive with respect to growth suppression, and the faster migrating (lower) band is the active hypophosphorylated (Ser518) form. Interestingly, in NCIH460 cells, which have high levels of p-MLK3, merlin protein is almost exclusively present in the inactivated form.
Thus, similar to the other cell lines analyzed, elevated p-MLK3 levels correlated with reduced levels of functional merlin in NCIH460 cells. It has been previously demonstrated that merlin levels increase with cell confluence (Morrison et al., 2001; Lee et al., 2006) . This was evident in SKOV3 cells that had a higher level of merlin and significantly less p-MLK3 in confluent cells ( Figure 1b ) in comparison with cells harvested at low confluence ( Figure 1a ). This result suggests that, even though merlin levels increased with SKOV3 cell confluence, the inverse relationship between merlin levels and MLK3 kinase activity remained consistent. This finding that tumor cells with low levels of merlin expression have elevated MLK3 activity suggests that merlin might negatively regulate MLK3.
The C-terminus of merlin interacts with MLK3 and inhibits MLK3 kinase activity Previously, we observed an association between MLK3 and merlin (residues 1-595) when both proteins were overexpressed in HEK293 cells (Chadee et al., 2006) . Here, we show that endogenous MLK3 and merlin are also associated in situ and coimmunoprecipitate from human TOV21G ovarian tumor cells ( Figure 2a ). To identify the region of merlin required for the MLK3merlin interaction, and to determine whether merlin interacts directly with MLK3, in vitro binding assays were performed with GST-merlin deletion mutants ( Figure 2b ) and His-MLK3 proteins purified from bacteria. Merlin has an N-terminal FERM domain (residues 1-302), a central coiled-coil alpha helical region (residues 303-478) and a unique C-terminal domain (residues 479-595) (Sun et al., 2002) . Merlin isoform 2 is generated by alternative splicing and gives rise to a 590 residue protein that differs by 11 residues at the C-terminus (residues 580-590) (Sun et al., 2002) . GST-merlin (residues 1-590) or deletion mutants (residues 1-332, residues 308-590 and residues 340-590) ( Figure 2b ) were incubated with full-length His-MLK3 in vitro. GST pulldown assays revealed that GST-merlin (residues 1-590) bound to His-MLK3. MLK3 also binds to merlin isoform 1 (residues 1-595; data not shown). The deletion mutants that contain the alpha helical region and the C-terminus (residues 340-590 and residues 308-590) also bound to His-MLK3; however, the N-terminal deletion mutant (residues 1-332) did not bind ( Figure 2b ). Together, these results indicate a direct interaction between merlin and MLK3, Regulation of mixed lineage kinase 3 by merlin Y Zhan et al requiring residues 340-590 in the C-terminal region of merlin. To determine whether the C-terminal region of merlin that bound to MLK3 was sufficient for the inhibition of MLK3 activity, increasing quantities of purified GST-merlin (residues 340-590) were incubated with FLAG-MLK3-WT or a FLAG-MLK3-kinase dead (KD) K144R mutant, and a MLK3 kinase assay was performed. FLAG-MLK3-KD was not detected by the p-MLK3 antibody, which verifies the specificity of the antibody for active MLK3 enzyme. Incubation of FLAG-MLK3-WT with GST-merlin (residues 340-590) dramatically reduced p-MLK3 levels (Figure 2c ), suggesting that residues 340-590 in the C-terminus are sufficient for the direct inhibition of MLK3 activity by merlin. Phosphorylation of merlin on Ser518 inhibits merlin intramolecular interactions and inactivates merlin-dependent growth suppressive activity (Rong et al., 2004) . Thus, we sought to determine whether phosphorylation of merlin impaired its interaction with MLK3. The interaction between MLK3 and merlin was evaluated using WT merlin and mutant merlin proteins with either a Ser-Ala substitution at residue 518 (S518A) that cannot be phosphorylated, or a Ser-Asp substitution at residue 518 (S518D) that is phosphomimetic. WT and S518A merlin, but not the S518D mutant, coimmunoprecipitated with MLK3 in HEK293 cells (Figure 2d ). Furthermore, exogenous WT and S518A merlin, but not the S518D mutant, substantially reduced p-MLK3 and phosphorylated-JNK (p-JNK) levels in SKOV3 cells. These results indicate that phosphorylation of merlin on Ser518 impairs the interaction between merlin and MLK3, and the inhibition of MLK3 activity by merlin. . Bacterial purified His-MLK3 was incubated with GST-merlin deletion mutants in an in vitro binding assay (lower panel). GST pulldowns were performed, and associated His-MLK3 and GST-merlin proteins were detected with the indicated antibodies. (c) MLK3 kinase assays were performed with immunopurified FLAG-MLK3 protein, expressed in HEK293 cells and C-terminal GST-merlin mutant residues 340-590 (0.35-1.25 mg), expressed and purified from bacteria. GST-merlin and FLAG-MLK3 protein expression levels were verified with the indicated antibodies. (d) GST-MLK3 and HA-merlin (WT, S518D and S518A) were overexpressed in HEK293 cells. GST pulldowns were performed and HA-merlin and GST-MLK3 proteins in the pulldowns were detected by western blotting with the indicated antibodies. (e) HA-merlin (WT, S518D and S518A) were overexpressed in SKOV3 cells and cell extracts were immunoblotted with the indicated antibodies. IB, immunoblot; IP, immunoprecipitate.
Merlin inhibits MLK3, B-Raf, ERK and JNK activation
To determine whether merlin negatively regulates endogenous MLK3 kinase activity in schwann cells, we induced merlin expression in RT4-NF2.17 rat schwannoma cells that have doxycycline-inducible expression of WT merlin and a low level of endogenous merlin. Induction of merlin expression in these cells significantly reduced the basal levels of p-MLK3 and p-JNK, with no effect on total MLK3 or total JNK protein levels. Furthermore, induction of merlin expression reduced the basal levels of B-Raf phosphorylation (activation) on residues Thr599/Ser601 (p-B-Raf) and phosphorylated ERK (p-ERK), with no effect on total B-Raf or total ERK protein levels (Figure 3a , right panel). Treatment of control RT4 cells (do not express an inducible merlin) with doxycycline had no effect on total and phosphorylated MLK3, B-Raf, ERK and JNK levels (Figure 3a , left panel). These data suggest that merlin is a potent inhibitor of endogenous MLK3, B-Raf, ERK and JNK kinase activities in schwann cells. Next, we tested the effect of expression of functional merlin in SKOV3 and HEI193 cells that have reduced or inactive merlin and elevated levels of p-MLK3. Consistent with the results obtained for RT4-NF2.17 cells, overexpression of merlin in SKOV3 and HEI193 cells significantly reduced the levels of p-MLK3, p-B-RAF, p-ERK and p-JNK (Figure 3b ).
Merlin expression in SKOV3 ovarian tumor cells inhibited MLK3, B-Raf, ERK and JNK activities. Therefore, we wished to test whether loss of merlin in immortalized ovarian epithelial cells that have functional merlin would elevate MLK3, B-Raf, ERK and JNK activities. Merlin was depleted from T29 immortalized ovarian epithelial cells by small interfering RNA (siRNA)mediated knockdown and p-MLK3, p-B-Raf, p-ERK and p-JNK levels were analyzed (Figure 3c ). In T29 cells treated with merlin siRNA, p-MLK3, p-B-Raf, p-ERK and p-JNK levels were increased compared with control cells treated with nonspecific siRNA, supporting our findings that merlin negatively regulates MLK3, B-Raf, ERK and JNK activation.
Merlin inhibits binding of Cdc42 to MLK3
Cdc42 is a key upstream regulator of MLK3 activity, and it has been proposed that binding of active Cdc42 to the MLK3 Cdc42/Rac interactive binding domain relieves MLK3 autoinhibition and allows MLK3 autophosphorylation and activation (Du et al., 2005) . The effect of merlin on Cdc42 activity is unknown. To determine whether merlin inhibits MLK3 indirectly by inhibiting Cdc42 activity, FLAG-Cdc42 activity was analyzed in HEK293 cells treated with merlin siRNA (Figure 4a ). Active FLAG-Cdc42 was isolated from cell extracts with Pak-1 binding domain (PBD) agarose beads. Cdc42 bound to PBD beads in control cell lysates preincubated with GTPgS but not GDP, indicating that PBD beads bound only to active FLAG-Cdc42-GTP (Figure 4a ). The amount of FLAG-Cdc42-GTP isolated from cells transfected with nonspecific siRNA or with merlin siRNA was similar, indicating that merlin expression does not affect Cdc42 activity (Figure 4a ). A similar assay was performed to determine the effect of overexpression of Myc-merlin on FLAG-Cdc42 activity (Figure 4b ). Active FLAG-Cdc42-GTP was detected bound to PBD beads in cells expressing FLAG-Cdc42-WT or dominant active FLAG-Cdc42-V12 (Figure 4b) . As a negative control, cells were also transfected with dominant-negative FLAG-Cdc42-N17, which does not bind to the PBD. Overexpression of Myc-merlin did not alter the levels of GTP-bound FLAG-Cdc42-WT or constitutively active FLAG-Cdc42-V12 (Figure 4b ). Taken together, these data suggest that merlin-mediated suppression of MLK3 activity does not occur through inhibition of Cdc42 activity. An alternative possibility is that merlin blocks MLK3 activation by hindering the interaction between MLK3 and active Cdc42. To test this possibility, merlin expression was induced (Figure 4c ). A similar reduction in Cdc42-MLK3 binding was observed when GST-MLK3 and FLAG-Cdc42 were coexpressed with Myc-merlin in HEK293 cells (Figure 4d ). Myc-merlin expression led to a substantial decrease in the amount of total and phosphorylated HA-MLK3 immunoprecipitated with WT FLAG-Cdc42 in HEK293 cells (Figure 4e ). The amount of MLK3 in FLAG-Cdc42-V12 immunoprecipitates was less than that in WT FLAG-Cdc42 immunoprecipitates, and may be a result of Cdc42-V12-mediated relocalization of MLK3 to the plasma membrane (Du et al., 2005) . Nevertheless, merlin expression also significantly reduced the amount of total and phosphorylated MLK3 immunoprecipitated Regulation of mixed lineage kinase 3 by merlin Y Zhan et al with FLAG-Cdc42-V12. Collectively, these findings indicate that merlin inhibits Cdc42-mediated activation of MLK3 by blocking the Cdc42-MLK3 interaction.
MLK3 is required for merlin-mediated growth suppression Whereas MLK3 knockdown inhibits normal and tumor cell proliferation, merlin loss leads to increased proliferation (Chadee and Kyriakis, 2004b; Okada et al., 2005; Xiao et al., 2005; Morrison et al., 2007) . To determine whether merlin suppression of cell proliferation requires MLK3 in normal ovarian cells, cell proliferation was measured in T29 cells that were treated with merlin, MLK3, or MLK3 and merlin siRNA. Cells with merlin knockdown had increased rates of proliferation, whereas cells with MLK3 knockdown had reduced cell proliferation rates compared with cells transfected with nonspecific siRNA (Figure 5a ). MLK3 suppression in merlin knockdown cells reversed the increased cell growth phenotype observed in merlin knockdown cells, suggesting that MLK3 is required for merlin-dependent growth suppression in ovarian epithelial cells. Next, we wished to determine whether MLK3 is required, in normal schwann cells, for merlin-mediated suppression of cellular invasion. Merlin and MLK3 were depleted in normal SW10 murine schwann cells using siRNA, and cellular invasiveness was analyzed by invasion assays using an artificial basement membrane (Figure 5b) . Consistent with previous reports, siRNA-mediated depletion of merlin led to a significant increase in cell invasion (Figure 5b) (Poulikakos et al., 2006) , which was reversed when both merlin and MLK3 were depleted. These results indicate that MLK3 is also required for merlindependent suppression of invasion.
Discussion
In this report, we demonstrate an inverse relationship between merlin expression and MLK3 activity in schwannoma, ovarian and lung tumor cell lines, and show that merlin regulates MLK3 activity. Moreover, we demonstrate that merlin growth suppression requires MLK3 activation. Merlin inhibits MLK3 activation by directly interfering with MLK3 binding to Cdc42, a major MLK3 activator; thus providing a critical link between previous reports describing merlin suppression of Rac1 or MAPK activity (Chadee et al., 2006; Morrison et al., 2007) .
MLK3 is required for cell proliferation in normal and neoplastic cells, and a number of studies have demonstrated that exogenous expression of members of the MLK family is sufficient to promote neoplastic transformation (Hartkamp et al., 1999; Cho et al., 2004; Velho et al., 2010) . However, deregulated MLK3 kinase activity in tumor-derived cells has not been previously reported. Here, we report that SKOV3, NCIH460 and HEI193 tumor cells have elevated basal MLK3 kinase Figure 5 MLK3 is required for merlin-mediated suppression of cell proliferation and invasiveness. (a) T29 cells were transfected with nonspecific, human merlin, human MLK3, or human merlin plus human MLK3 siRNA. Cell proliferation was determined by counting cells at various time intervals after transfection. Experiments were performed in triplicate and repeated three times. Cell extracts were prepared from cells at each time interval and analyzed by western blotting with the indicated antibodies. (b) SW10 cells were transfected with nonspecific siRNA oligo, merlin siRNA, or both MLK3 and merlin siRNA, and cell invasiveness was assessed using a modified Boyden chamber. Cell extracts were analyzed by western blotting with the indicated antibodies.
Regulation of mixed lineage kinase 3 by merlin Y Zhan et al activity, suggesting that MLK3 kinase activity is deregulated in these cells. Interestingly, these cells also have reduced levels of functional merlin. Our results demonstrate that merlin and MLK3 are associated in situ and the C-terminal residues 340-590 of merlin directly interact with MLK3. This region of merlin is also sufficient for the direct inhibition of MLK3 kinase activity in vitro. Furthermore, an inactive mutant of merlin (S518D) exhibited markedly reduced binding to MLK3 and could not inhibit MLK3 activity in comparison with WT merlin, indicating that only active merlin can bind to MLK3 and inhibit MLK3 activity. Merlin is activated on dephosphorylation of Ser518 by the myosin phosphatase MYPT-1-PP1j (Jin et al., 2006) . MYPT1 is inhibited by the oncoprotein CPI-17, and altered CPI-17 protein levels in tumor cells lead to deregulation of MYPT-1-PP1j activity and increased levels of phosphorylated, inactive merlin (Jin et al., 2006) . Possibly, inactivation of merlin by this mechanism could also elevate the level of active MLK3 in cells. We propose that elevated basal MLK3 activity in tumor cells could be due to a loss of negative regulation of MLK3 by merlin. MLK3 interacts with B-Raf and facilitates B-Raf activation; furthermore, merlin expression disrupts the MLK3-B-Raf interaction (Chadee et al., 2006) . Our current results indicate that silencing merlin elevates B-Raf and ERK activities in normal ovarian epithelial cells and overexpression of merlin blocks B-Raf and ERK activities in ovarian tumor cells. Possibly, loss of functional merlin promotes MLK3-B-Raf complex formation, thereby facilitating ERK activation in SKOV3 ovarian tumor cells. In addition, we observed that silencing merlin in normal T29 ovarian epithelial cells significantly elevated MLK3 and JNK kinase activities. MLK3 directly phosphorylates and activates the MAP2K, MKK4/SEK1, which in turn phosphorylates and activates JNK (Rana et al., 1996) . Thus, deregulation of MLK3 activity, resulting from loss of functional merlin, may cause persistent JNK signaling, which could also promote cellular transformation and tumorigenesis (Khatlani et al., 2007; Rennefahrt et al., 2002 Rennefahrt et al., , 2004 . Consistent with this hypothesis, we observed that merlin suppression of cell growth and invasiveness is dependent on MLK3.
It has been previously reported that merlin inhibits both Rac1 and MAPK signaling through different mechanisms (Chadee et al., 2006; Morrison et al., 2007) . MLK3 is a critical mediator in Cdc42 activation of MAPK signaling. (Teramoto et al., 1996; Vacratsis and Gallo, 2000; Du et al., 2005) . Our results demonstrate that merlin inhibits MLK3, B-Raf, ERK and JNK activation, and blocks Cdc42 binding to MLK3, providing a novel mechanistic link by which merlin can suppress both Rho-GTPase and MAPK signaling. We propose a model in which merlin directly binds to MLK3 and inhibits MLK3 activation by inhibiting the Cdc42-MLK3 interaction. In schwannoma and ovarian tumor cells, loss of functional merlin elevates MLK3, ERK and JNK signaling by allowing the formation of Cdc42-MLK3 and B-Raf-MLK3 signaling complexes.
Collectively, our data implicate merlin as a critical regulator of MLK3 function. Loss of functional merlin and enhanced MLK3-dependent signaling could be early events in cellular transformation and tumorigenesis in schwann, ovarian and other cell types. Inhibiting MLK3 is effective in slowing the growth of neoplastic cells and targeting MLK3 could be beneficial to the treatment of human tumors that lack functional merlin.
Materials and methods
Cell lines
Human embryonic kidney (HEK293), colon cancer (HT29), ovarian cancer (SKOV3 and TOV21G), lung cancer (NCIH460), breast cancer (MCF7) and mouse normal schwann (SW10) cells were obtained from the American Type Culture Collection, Manassas, VA, USA. RT4 is a rat schwannoma cell line. The RT4-NF2.17 cell line was derived from RT4 cells, and has been engineered to express a tetracycline-inducible NF2 gene . HEI193 cells are patient-derived NF2 schwannoma cells (Hung et al., 2002) . T29 cells are immortalized human ovarian epithelial cells (Liu et al., 2004) . RT4-NF2.17, NCIH460, HEI193, SKOV3, SW10 and HT29 and MCF7 cells were cultured in DMEM (Mediatech, Herndon, VA, USA) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA). T29 and TOV21G cells were cultured in medium 199 (Mediatech, Inc.), with 10% MCDB 105 (Sigma-Aldrich, St Louis, MO, USA) and 10% fetal bovine serum. All tissue culture media were supplemented with 25 mg/ml streptomycin and 25 I.U. penicillin (Mediatech). Cells were cultured in a humidified atmosphere with 5% CO 2 at 37 1C.
Plasmids and siRNA transfections
The following vectors were used in this study: pCMV5-FLAG-MLK3 (WT and K144R), pCMV5-Myc-merlin, pCDNA3-HA-merlin (WT, S518D and S518A), pCMV5-FLAG-Cdc42 (WT, V12 and N17), pCMV-HA-MLK3 and pEBG-GST-MLK3. Transient transfections were performed as previously described (Chadee et al., 2006) . Human and mouse merlin, as well as MLK3 siRNA oligonucleotide sequences, have been previously described (Chadee and Kyriakis, 2004b; Okada et al., 2005; Morrison et al., 2007) . SiRNA with non-targeting sequence (Dharmacon, Lafayette, CO, USA) was used as a control and all oligofections were performed as previously described (Chadee and Kyriakis, 2004b) .
Immunoblotting and immunoprecipitation
Immunoblotting, cell lysis and immunoprecipitations were performed as described previously (Chadee and Kyriakis, 2004b) . Antibodies used for immunoblotting and immunopre- GST fusion protein preparation and binding assay pGEX2T-merlin deletion mutant construct residues 1-590, 1-332, 308-590 and 340-590 were obtained from Dr V Ramesh Regulation of mixed lineage kinase 3 by merlin Y Zhan et al . Merlin GST fusion deletion mutants were purified from bacteria on glutathione-sepharose beads and eluted from the beads with glutathione (Pierce, Thermo Fisher Scientific Inc., Rockford, IL, USA). His-MLK3 protein was purified from bacteria on nickel agarose beads and eluted from the beads with imidazole (Pierce). GST-merlin fusion proteins were incubated with His-MLK3 for 3 h. GST beads were collected and protein complexes bound to GST-sepharose were analyzed by immunoblotting with GST and MLK3 antibodies.
Cell proliferation assays
Cell proliferation assays were performed as previously described (Chadee and Kyriakis, 2004b) . Briefly, cells were seeded at 1 Â 10 5 cells per 6-cm dish. The next day, cells were transfected with the indicated siRNA, or with vehicle (Lipofectamine 2000, Invitrogen, Carlsbad, CA, USA). At 9, 24, 46 and 70 h after transfection, cells were counted with a hemocytometer. In addition, parallel cell extracts were prepared and subjected to western blot analysis with antibodies as indicated.
Invasion assays
Cell invasion assays were performed with 100 ml of 1 mg/ml BD matrigel matrix (BD Bioscience, San Jose, CA, USA) in 24well transwells with an 8.0-mm pore size and 24-mm diameter polycarbonate membrane (Corning, Acton, MA, USA). Cells were washed in DMEM containing 0.5% fetal bovine serum. A total of 10 000 cells were seeded onto the upper chamber. Matrigel and cells remaining in the upper chamber were removed after 16-h incubation. The cells on the underside surface of the membrane were fixed in Diff Quick Stain Kit (Fisher Scientific, Pittsburgh, PA, USA) and the number of cells per field of view was counted. All experiments were run in triplicate and repeated at least three times.
Assay of MLK3 kinase activity
Preparation of cell lysates and immunoprecipitation of FLAG-MLK3 for kinase assays were performed as previously described (Chadee et al., 2002) . Immunoprecipitated FLAG-MLK3-WT or FLAG-MLK3-KD was incubated with 0.35, 0.88 or 1.25-mg GST-merlin (residues 340-590), 100 mM ATP and 10 mM MgCl 2 for 30 min at 30 1C. FLAG-MLK3-KD was incubated with 0.88-mg GST-merlin (residues 340-590). The reaction was stopped by the addition of 6 Â sodium dodecyl sulfate sample buffer containing EDTA. Samples were boiled and subjected to 15% sodium dodecyl sulfate-PAGE and immunoblotting with phospho-MLK3 antibody (Thr277/Ser281) to detect active MLK3.
Assay of Cdc42 activity
Cell lysates were collected and Cdc42 activity was determined using the Cdc42 activity assay kit (Upstate Biotechnologies, Lake Placid, NY, USA) according to the manufacturer's instructions.
